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The crystal structure of -VOPO4 was determined from powder X-ray diffraction data in the tetragonal space group P42/mbc (No. 135) with a = 
9.0547(7) Å and c = 8.6080(8) Å. The structure is found to be closely related to that of -VOPO4, thus disproving two traditional structure hy-
potheses commonly found in the literature. The structural relationship between the two phases is discussed in the light of a recently observed fast 
phase transition from - to -VOPO4. 
 
 




1. Introduction  
 
The various forms of vanadyl phosphate VOPO4 
have attracted the attention of catalysis researchers for 
more than twenty years [1-12]. More recently, these mate-
rials were also investigated in the field of lithium battery 
research [13-19]. Up to now, seven polymorphs of this 
compound have been described: I [20], II [20,21],  [22], 
 [1,23],  [1],  [24,25], and  [26,27]. However, com-
pared to the significant interest in these materials, the ac-
cumulation of detailed crystal structure knowledge has 
been rather slow. Structure investigations have been ham-
pered by the fact that several polymorphs are difficult to 
synthesize as single phase materials of reasonable crystal-
linity, coupled with the inherent problems of crystal struc-
ture solution from powder diffraction data. In particular, the 
structures of - and -VOPO4 have defied determination for 
about two decades, thus leaving room for speculation. Re-
cently, the crystal structure of -VOPO4 has been solved 
and reported by Harlow et al. [23]. Here, we describe the 
determination of the crystal structure of -VOPO4, thus 
closing another gap in VOPO4 structure research. 
 
 
2. Historical background 
 
The  and  phases of VOPO4 were originally de-
scribed in 1985 by Bordes and Courtine [1]. They investi-
gated the dehydration of VOHPO4·½H2O in order to shed 
some light on the preparation of (VO)2P2O7 catalysts for 
maleic anhydride production. Later, these compounds have 
variously been reported as minority phases in activated 
(VO)2P2O7 catalysts [2-4]. In another 1985 publication, 
Bordes et al. presented a hypothetical structure model of 
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-VOPO4. The structure was assumed to be related to that 
of (VO)2P2O7 in featuring edge-sharing pairs of VO6 octa-
hedra with trans-oriented vanadyl groups [5]. Two years 
later, Bordes published a comprehensive account on the 
structure chemistry of V-P-O compounds, including pow-
der XRD data and tentative unit cells for both - and 
-VOPO4 [6]. It was proposed that the structure of 
-VOPO4 would be similar to that of -VOPO4, but differ 
in the relative organization of the layers. A more detailed 
view of the hypothetical -VOPO4 structure can be found 
in another article published by Bordes in 1988 [7]. These 
structure hypotheses were based on the supposedly topotac-
tic reactions between VOHPO4·½H2O, the - and -VOPO4 
polymorphs, and (VO)2P2O7. 
A different point of view was taken by Volta and co-
workers in 1992 [2]. The indexation of the XRD patterns 
still followed the work of Bordes. However, the hydration 
behavior of the various VOPO4 phases, as monitored by in 
situ laser Raman spectroscopy, gave rise to the assumption 
that both - and -VOPO4 should have layered structures 
related to those of the I- and II-VOPO4 polymorphs. A 
model of the -VOPO4 structure was depicted, while details 
on the hypothetical -VOPO4 structure were published in 
another article in 1994 [8]. 
The original unit cell proposals for - and -VOPO4 
were challenged in 1997 by Li et al., who presented new 
unit cells for both phases based on electron and synchrotron 
X-ray diffraction [9]. Concerning -VOPO4, however, the 
unit cells proposed by Bordes (orthorhombic, a = 
6.42(2) Å, b = 6.26(2) Å, c = 9.09(1) Å [6]) and Li et al. 
(orthorhombic, a = 8.50 Å, b = 4.67 Å, c = 9.46 Å [9]), 
respectively, were both rejected in 2000 by Schneider et al., 
who investigated an exceptionally well crystallized sample 
with electron and X-ray diffraction [28]. The new unit cell 
proposal was orthorhombic with a = 9.078(5) Å, b = 
9.019(5) Å, c = 8.594(4) Å. In contrast, the -VOPO4 unit 
cell of Li et al. was finally confirmed in 2005 with the de-
termination of the corresponding crystal structure from 
combined neutron and synchrotron diffraction data [23]. 
Unfortunately, the results were published only in the form 
of a private communication to the ICSD database, i.e. with-
out a corresponding journal article. According to the ICSD 
entry, the actual crystal structure of -VOPO4 resembles 
none of the two traditional structure hypotheses. The struc-
ture is complex and indeed peculiar among the VOPO4 
polymorphs, since it contains two crystallographically dis-
tinct vanadium sites. Furthermore, one of the two vanadium 
atoms exhibits a truly pyramidal VO5 coordination geome-
try, as opposed to the distorted octahedral VO6 (or, more 
precisely, base-capped square pyramidal VO5+1) geometry 
which is usually observed. 
Recently, we were able to observe a fast phase transi-
tion from - to -VOPO4 [10]. This transformation, to-
gether with the overall similarity of the diffraction patterns 
of both phases, indicated a close structural relationship 
between the  and  phases, thus nurturing our interest in 
solving the -VOPO4 structure. By applying recently de-
veloped structure determination techniques in direct space 
[29] to the X-ray powder diffraction data of Schneider et al. 
[28], we finally solved the crystal structure of -VOPO4, as 
will be described below. Similarly to the case of -VOPO4, 
the results falsify both of the traditional structure hypothe-





3.1 Sample preparation and X-ray diffraction 
data collection 
 
The current study is based on a re-investigation of 
the diffraction data originally published by Schneider et al. 
[28]. The sample was prepared from VOHPO4·4H2O by 
heating at 673 K in flowing air for periods of 5 to 7 days. 
The diffraction data was collected on a STOE STADI P 
transmission diffractometer using CuK1 radiation. Further 
details on the sample preparation and diffraction experi-
ment can be found in reference [28]. 
 
 
3.2 Structure determination and refinement 
 
The program Topas [30] was used for ab initio struc-
ture determination from powder diffraction data (SDPD). In 
the first step, a whole powder pattern decomposition 
(WPPD) was performed employing the Le Bail method. As 
a complete assignment of the probable space group(s) 
based on systematic absences was complicated due to ex-
tensive peak overlap, only those tetragonal space groups 
which showed most obvious incompatibility with the dif-
fraction pattern were deleted a priori from the candidate 
list. These were all body centered (I) space groups, as well 
as space groups containing 41 or 43 as symmetry element. 
The remaining space groups were subjected to WPPD, 
which in several cases instantly revealed less obvious viola-
tions of systematic absences. Again, these candidates were 
deleted from the list, leaving several space groups with no 
or only minor mismatch due to absences. For these remain-
ing space groups, the background, peak profile and lattice 
parameters were refined in the WPPD and stored for subse-
quent use in the SDPD attempts. 
In a second step, the actual SPDP process was per-
formed in direct space on the diffraction step intensity data 
[29]. The space groups which were retained after the 
WPPD screening were tested in no strict order. Back-
ground, peak profile and lattice parameters were kept fixed 
as obtained from the preceding WPPD fit. For every space 
group, the alternating randomization and refinement proc-
ess of the structure solution attempt was allowed to run for 
10.000 cycles. The results were evaluated with respect to 
the final Rwp value and the resulting model geometry. 
Promising looking initial models were subjected to further 
refinement and modified manually if necessary (e.g. to  
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Table 1: Crystal and experimental data for -VOPO4 
Chemical formula VOPO4 
Crystal system tetragonal 
Space group P42/mbc (No. 135) 
a [Å] 9.0547(7) 
c [Å] 8.6080(8) 




 calc [g cm
-3] 3.0477(6) 
 [cm-1] 271.76(5) 
2 min / max / step [°] 5 / 95 / 0.02 
Rp / Rp' 
a 0.0199 / 0.1938 
Rwp / Rwp' 
a 0.0267 / 0.1566 
Rexp / Rexp' 
a 0.0187 / 0.1096 
RBragg / GOF 0.0099 / 1.43 
a Primed R values are background corrected; definition of the R 
values according toYoung [34]. 
 
 
account for the placement of atoms on special positions, 
which is not automatically done by the program). 
The Rietveld refinement of the final crystal structure 
model, which involved lattice parameters, zero error, pro-
file shape, background, atomic coordinates and a common 
isotropic temperature factor, was also carried out using 
Topas [30]. All bond lengths and angles were calculated 
with Platon for Windows [31,32]. Structure drawings were 





Originally, an orthorhombic unit cell (a = 
9.078(5) Å, b = 9.019(5) Å, c = 8.594(4) Å) was proposed 
for -VOPO4 [28] based on the diffraction data re-
investigated here. However, considering the similarity of 
the a and b lattice parameters, we performed WPPD for 
both orthorhombic and tetragonal symmetry (space groups 
Pmmm and P4/mmm, respectively). Despite the restrictions 
imposed by the higher symmetry, the tetragonal fit was not 
significantly worse than the orthorhombic version. Thus, 
the higher symmetry was assumed to be more probable. 
After space group screening and SDPD attempts as 
outlined in the experimental section, the space group P42bc 
(No. 106) yielded a promising initial solution which was 
modified manually to place two independent phosphorus 
atoms on special positions. After further Rietveld refine-
ment, it was found that the resulting structure model was 
reasonable overall, but the oxygen positions were some-
what unstable, resulting in a significant distortion of the P-
O and V-O polyhedra. We suspected this to be the result of  
 
 
Fig. 1: Comparison of observed (circles) and calculated diffraction 
pattern (continuous line) of -VOPO4 after final Rietveld refine-
ment. For convenience, the display is split into lower and higher 
angle range panels (same intensity and angular scale). Calculated 
peak positions are indicated as tick marks. The continuous line 
below the tick marks represents the difference between observed 
and calculated pattern. 
 
 
using a space group of too low symmetry, as missing sym-
metry elements typically lead to strong correlations be-
tween corresponding parameters of atoms which are 
actually symmetry equivalent. After analysis of the prob-
able higher symmetry with the program Platon [31,32], the 
model was transferred into the space group P42/mbc (No. 
135), i.e. effectively adding a horizontal mirror plane. Sub-
sequent refinement of this final model yielded a stable, 
reasonable geometry. Fig. 1 shows the measured and calcu-
lated diffraction pattern, while the final structure data are 
summarized in Tables 1-3. Further details of the crystal 
structure investigation may be obtained from Fachinforma-
tionszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, 
Germany (fax: (+49)7247-808-666;  e-mail: crysdata@fiz-
karlsruhe.de;http://www.fizkarlsruhe.de/request_for_deposi






5.1 The coordination geometry of vanadium 
 
Descriptions of the coordination environment of va-
nadium(V) in oxidic structures usually address the most 
common geometry as octahedral or (square) pyramidal. In 
fact, both views are equally appropriate, as they represent 
two alternative simplifications of the same actual geometry. 
Typically, the vanadium atom is coordinated by six oxygen 
atoms at various distances. One of these distances is par-
ticularly short and, thus, is commonly interpreted as a V=O 
double bond (vanadyl bond). Four VO bonds of medium 
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Table 2: Atomic coordinates for -VOPO4 
Atom Site x/a y/b z/c Uiso [Å
2] 
V1 8h 0.2478(5) 0.0913(5) 0 0.0440(12) a 
O1 8h 0.3107(12) 0.2588(14) 0 0.0440(12) a 
P1 4b 0 0 0.25 0.0440(12) a 
O2 16i 0.0973(11) 0.0930(10) 0.1443(12) 0.0440(12) a 
P2 4d 0.5 0 0.25 0.0440(12) a 
O3 16i 0.3608(11) -0.0005(7) 0.1497(12) 0.0440(12) a 




Table 3: Selected bond lengths [Å] and angles [°] for -VOPO4 with frequencies in parentheses 
V1-O1 (1) 1.620(13)  V1-O1
i (1) 3.057(13) 
V1-O2 (2) 1.844(11)  V1-O3 (2) 1.844(10) 
P1-O2 (4) 1.521(10)  P2-O3 (4) 1.528(10) 
O1-V1-O2 (2) 104.6(4)  O1-V1-O3 (2) 103.1(4) 
O1-V1-O1i (1) 169.4(5)  V1-O1-V1
ii (1) 149.4(6) 





length usually have angles around 100° to the V=O bond, 
resulting in a square pyramid with the vanadyl oxygen 
atom at the pyramid apex and the vanadium atom displaced 
slightly from the basal plane towards the center of the 
pyramid. In addition, a long and highly variable V···O 
distance is commonly found in trans-position to the V=O 
bond, i.e. an additional oxygen atom caps the base of the 
square pyramid (a notable exception is one of the two va-
nadium sites found in -VOPO4). Since this sixth distance 
can be rather long, it may be regarded a weak bond or, 
alternatively, a short "intermolecular" contact. Thus, de-
pending on the choice whether to accept or reject this sixth 
distance as being a proper bond, the resulting geometry 
may be called either (distorted) octahedral or square py-
ramidal. Verbally, this hybrid geometry may be expressed 
using the term "base-capped square pyramidal", but a visual 
representation of such a structure using polyhedra still re-
quires explicit choice between octahedral vs. pyramidal 
description. Although the octahedral representation looks 
rather awkward in the case of -VOPO4 because of its very 
long V···O bond, we use this view here to emphasize the 
relationship between the  and  polymorphs. In the dis-
cussion, however, we will switch freely between octahedral 




5.2 The crystal structure of -VOPO4 
 
 
The structure of -VOPO4 contains infinite polar 
chains of trans-corner sharing VO6 "octahedra" with 
[V=O···V=O···] backbone, which run parallel to the [100] 
and [010] directions. These chains can be rationalized as 
being organized in "slabs" which are stacked along [001]. 
The chains lie parallel to each other within a slab, but the 
orientation between adjacent slabs is perpendicular (Fig. 2-
3). Each VO6 octahedron shares single corners with four 
different phosphate tetrahedra, and vice versa. Each phos-
phate group connects four different chains of octahedra, 
yielding a three-dimensional network. Compared to most 
other VOPO4 polymorphs, the  structure features an un-
usually long V···O contact of about 3.1 Å. Furthermore, the 
O=V···O angle of 168° deviates significantly from the 
more or less straight arrangement found in other VOPO4 
structures. These distortions indicate that the  structure is 
significantly more strained than other VOPO4 polymorphs, 
which might be an explanation for the reactivity of 
-VOPO4 with respect to hydration. 
If compared to the two traditional structure hypothe-
ses proposed by the groups of E. Bordes [6,7] and 
J.-C. Volta [2,8] , respectively, it is obvious that the actual 
crystal structure of -VOPO4 differs significantly from the 
original expectations in several respects. The first model 
contained pairs of VO6 octahedra which share one common 
edge, a motif which is found in the structure of (VO)2P2O7, 








Fig. 2: Crystal structure of -VOPO4 (left), alongside the similar, disordered  phase according to Amorós et al. [27] (right), both viewed along 
the crystallographic c axis. The rather long V···O distances indicated as broken lines in the  structure are omitted in the case of the  polymorph 
for clarity, as they would overlap with the disordered V=O bonds. 
 
 
to which both - and -VOPO4 were supposed to be struc-
turally related. However, it is clear by now that none of the 
reported actual VOPO4 structures, including the  and  
phases, exhibits such edge-sharing. The only direct connec-
tion between VO6 octahedra observed is corner sharing, 
which is exclusively realized via the strongly asymmetric 
vanadyl interaction V=O···V, thus leading to infinite chains 
of trans-corner sharing octahedra. The second model as-
sumes a close relationship with I- and II-VOPO4. Thus, 
all [V=O···V=O···] chains were supposed to be parallel to 
each other, while neglecting the long V···O interaction 
would result in a two-dimensional layered lattice. This 
latter feature enables a rich hydration and intercalation 
chemistry for II-VOPO4, which was the reason for assum-
ing a similar structure for both - and -VOPO4 because of 
the relative ease of hydration observed for these phases. 
The actual crystal structure of -VOPO4, however, includes 
not only parallel, but also perpendicular orientations of the 
chains, as detailed above. Furthermore, neglecting the 
V···O interaction still leaves the three-dimensional nature 
of the structure intact. 
Traditionally, - and -VOPO4 have been discussed 
together, and it was usually assumed that they are structur-
ally closely related. While it is apparent now that the two 
structures are not at all similar to each other, they still have 
something in common. As already mentioned, both phases 
show a similar behavior in hydration to VOPO4·2H2O 
[2,8]. Structurally, they share a rather low calculated den-
sity in comparison to other VOPO4 polymorphs (3.0 () and 
2.9 () [23] versus 3.4 (II) [21], 3.2 () [22] and 
3.3 g/cm3 () [25]). Although -VOPO4 has an even lower 
density, it is not directly comparable as the crystal structure 
was determined at elevated temperatures [27]. As the PO4 
and VO5 units in VOPO4 can be considered to be relatively 
rigid, the variable V···O distance is one of the main factors 
contributing to the density variation. In -VOPO4, all V···O 
distances are equivalent and strongly elongated. In 
-VOPO4, a similar effect is achieved in a different way: 
while one of the two different vanadium sites, apart from 
crystallographic disorder, can be considered having a 
"normal" V···O bond, the second site has its V···O distance 
"stretched to infinity" (i.e. it is absent), leaving the vana-
dium atom in a truly pyramidal coordination environment. 
Thus, we may argue that both phases are in an energetically 
more unfavorable state than e.g. -VOPO4, making them 




5.3 The relationship between - and -VOPO4 
 
The recent observation of a fast phase transition from 
-VOPO4 to -VOPO4 [10] has already indicated a prob-
able close structural relationship between these two poly-
morphs. Indeed, we find the same general arrangement and 
connectivity between VO6 octahedra and PO4 tetrahedra. 
Due to the peculiar disorder of the -VOPO4 structure, 
which involves both phosphate and vanadyl oxygen posi-
tions [27], it cannot be displayed conveniently in a polyhe-
dral fashion. Thus, we use a ball and stick model to depict 
the disordered  structure in Fig. 2, while following 
Amorós et al. [27] in using an idealized -VOPO4 model 
with averaged oxygen positions for the polyhedral repre-
sentation in Fig. 3. The latter clearly shows the close rela-
tionship between the two structures, with the unit cell of 
-VOPO4 corresponding to a quadruple (221) unit cell of 
-VOPO4, i.e. a  2 a and c  c. The doubling of the a 
lattice parameter in the  structure reflects its lower sym-
metry, as it lacks the vertical mirror planes which are con-
nected to the disorder of the oxygen sites (Fig. 2, right) 
observed in -VOPO4 (space group P42/mmc). Due to this 
disorder, the V=O···V=O chains in the  phase are straight  








Fig. 3: Comparison of the unit cell of -VOPO4 (left) with a quadruple (221) unit cell of idealized -VOPO4 (right) in polyhedral view. Both 
structures are depicted along the crystallographic c (top) and a axes (bottom). 
 
 
and lack a defined polarity, while -VOPO4 features polar 
zigzag shaped chains which alter in polarity within a layer. 
In addition, the  structure is expanded significantly in the 
ab plane relative to -VOPO4, as is apparent from the view 
along the c axis in Fig. 3. 
The nature of the observed phase transition from 
-VOPO4 to -VOPO4 [10] is still poorly understood. It 
proceeds within a few minutes at 400 °C if a small amount 
(e.g. 1.5 %) of n-butane is added to the gas phase consisting 
of synthetic air. Thus, the transition is chemically triggered, 
presumably by slight reduction of the bulk, i.e. introduction 
of oxygen vacancies. -VOPO4 can be recovered if the 
-VOPO4 formed is heated to 600 °C in synthetic air (in 
absence of n-butane). However, as the latter conditions are 
similar to those used for the original synthesis of -VOPO4 
from a structurally unrelated precursor, it seems somewhat 
questionable whether the inter-conversion of the two poly-
morphs may be addressed as a "reversible" phase transition. 
Still, the structural relationship and the speed of the -to- 
transition are very suggestive, hinting that the phase transi-
tion might be second order. In order to explore this idea in 
more detail, it is of importance to realize that for a second 
order phase transition, a structural relationship which can 
be expressed via the group-subgroup formalism is manda-
tory. With the help of the International Tables for Crystal-
lography [35] it can be shown that such a relationship in-
deed exists, as the space group of -VOPO4, P42/mbc 
(No. 135), is a maximal klassengleiche (isoclass) subgroup 
of index 2 with respect to the space group P42/mcm 
(No. 132). The latter, in turn, is again a maximal klas-
sengleiche subgroup of index 2 of P42/mmc (No. 131), the 
space group of the best model for -VOPO4. In both cases, 
the unit cell of the subgroup (in standard setting) can be 
derived from the unit cell of its respective supergroup via 
the transformation a' = ab, b' = ab, c' = c (vector nota-
tion), which doubles the volume of the unit cell in each of 
the two steps. Thus, the transition from - to -VOPO4 
requires in total a fourfold increase in unit cell volume, 
which is in line with our findings. Furthermore, inspecting 
the relevant Wyckoff relations (via the intermediate space 
group P42/mcm) summarized in Table 4 reveals that the 
Wyckoff positions experimentally found for - and 
-VOPO4 match this particular group-subgroup relation. It 
may seem a contradiction to above statement that not all 
Wyckoff sites which can be deduced by Wyckoff relations 
from the -VOPO4 structure are actually observed in  
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Table 4: Wyckoff relations [35] for the phase transition from - to 
-VOPO4 via an intermediate space group (occupancy factors in 













V 2d (1) 4i (1) 8h (1) 
Ovanadyl 4k (0.5) 8n (0.5) 
8h (1) 
8h (0) 















-VOPO4. However, this is merely a consequence of the 
disorder in -VOPO4, which makes the transition a disor-
der-order transition. As typical for such a case, disordered 
(i.e. partially occupied) sites split into sets of fully occupied 
and unoccupied sites, the latter of which are naturally not 
observable in a crystal structure. In summary, we may say 
that concerning the symmetry relations, the -to- transi-
tion seems to fulfill the requirements for a second order 
phase transition. However, as this is only a necessary but 
not a sufficient condition, it does not provide proof that the 
transition is indeed second order. 
 
 
5.4 Mechanistic aspects of the phase transfor-
mation 
 
While symmetry considerations provide a nice set of 
tools to explore structural relationships, they are only of 
limited use when trying to deduce the actual transformation 
mechanism. Thus, we conducted a thought experiment on 
this question. For the sake of argumentation, we will now 
consider the opposite transformation, i.e. from - to 
-VOPO4, as we can then try to describe the higher sym-
metry as a special case of the lower one, without complica-
tions by disorder. As mentioned before, the structure of 
-VOPO4 exhibits considerable expansion in the ab plane 
as compared to -VOPO4. If we regard the phosphate 
groups and the pyramidal VO5 core of the vanadium coor-
dination sphere as relatively rigid building blocks, it is 
apparent that the main mechanism of the structure trans-
formation should involve cooperative tilting of the respec-
tive polyhedra. In particular, the mechanism should involve 
the rotation of one of the two phosphate groups, accompa-
nied by a slight shift and tilt of the VO6 octahedra which 
straightens the chains (Fig. 4). Within the symmetry restric-
tions of the space group P42/mbc, only the P1 centered  
 
 
Fig. 4: Schematic representation of one part of the hypothetical -
to- transition. Small black arrows indicate the proposed atom 
shifts, i.e. rotation of phosphate groups (rotation axes symbolized 
by black cross-dots) and the associated straightening of the 
[V=O···V=O···] backbone. Thick white arrows represent the 
resulting lattice expansion. 
 
 
phosphate group may act as a "hinge", because it is located 
on a 4b site (symmetry -4 . .). In contrast, the P2 containing 
phosphate group is located on a 4d position (symmetry 
2 . 2 2), in which the horizontal dyads do not permit a rota-
tion without distortion of the tetrahedral shape of the PO4 
moiety. The most extreme expansion of the unit cell would 
be achieved when both phosphate groups finally show a 





Fig. 5: Calculated diffraction pattern (continuous line) of the 
-VOPO4 structure modified by Rietveld refinement against "ob-
served" data (circles) simulated from the -VOPO4 structure of 
Amorós et al. [27]. Tick marks indicate the calculated peak posi-
tions. The difference between the two patterns is shown below the 
tick marks. 








Fig. 6: Structure model of -VOPO4 modified by Rietveld refinement against simulated diffraction data of -VOPO4. View along the crystallo-




aligned in straight chains. Apart from the missing disorder, 
such a modified  structure would be quite close to the  
structure. Thus, in an extension of this thought experiment, 
we tried to describe the diffraction pattern of -VOPO4 
using the  structure as a template. Lacking good experi-
mental diffraction data of -VOPO4, we first simulated a 
diffraction pattern based on the crystal structure model of 
Amorós et al. [27] to be used as "observed" data. Next, we 
adjusted the lattice parameters of the -VOPO4 crystal 
structure to match the  pattern and subsequently refined 
the structure model against the simulated  data. The re-
sults are shown in Fig. 5 and Fig. 6. Apparently, the crystal 
structure of -VOPO4 can be approximated reasonably 
well within the unit cell and space group of the  structure. 
However, this does not mean that we consider this an alter-
native  structure model to the one of Amorós et al. Ex-
perimentally, the high-temperature phase -VOPO4 is quite 
peculiar as it shows a decrease of long-range order upon 
cooling. Amorós et al. interpret this observation as a con-
sequence of lattice frustration of a structure that is stabi-
lized by dynamical disorder at elevated temperatures [27]. 
While the crystal structure of -VOPO4 may be success-
fully adjusted without a change in symmetry up to a point 
that is very close to the  structure, a scenario which would 
try to explain -VOPO4 solely on the basis of such a modi-
fied  structure would lack the explanatory power of the 




6. Summary and conclusion 
 
We have shown that the crystal structure of 
-VOPO4, as determined from powder diffraction data, is 
related to the structure of the  polymorph, which means 
that it is different from the structure hypotheses proposed in 
the literature so far. The structural relationship can be de-
scribed using the group-subgroup formalism, which is a 
necessary (but not sufficient) condition for the recently 
observed fast phase transition from the  to the  phase to 
be second order. Furthermore, we have explored the possi-
bility of approximating the crystal structure and diffraction 
pattern of -VOPO4 within the symmetry of the  structure. 
The results of this theoretical experiment show that a coop-
erative rotation of the relatively rigid PO4 and VO5 poly-
hedra should be able to modify the  crystal structure up to 
a point that is already very close to -VOPO4. Thus, we 
conclude that the reverse of this mechanism is most likely 
part of the experimentally observed phase transformation. 
In contrast to the rigidity of aforementioned polyhedra, the 
V···O distance appears to be highly flexible, as indicated 
by its variability across the different polymorphs of 
VOPO4. In fact, we believe that the soft yet important 
V···O interaction is a key feature both for the unusual di-
versity of VOPO4 polymorphs and for the structural dy-
namics of the / phase couple. 
Finally, we would like to emphasize that the success-
ful determination of the -VOPO4 crystal structure is the 
result of combining experimental data of an exceptional 
sample with recent developments in structure solution ap-
proaches and the ongoing increase in computer power. This 
demonstrates that in cases where good diffraction data are 
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difficult to obtain, it may be well worth revisiting older 
archived data sets, which could not be fully exploited with 
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